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Abstract—In this paper we describe the overall idea and results 
of a recently proposed radio access technique based on filter bank 
multicarrier (FBMC) communication system using two 
orthogonal polarizations: dual-polarization FBMC (DP-FBMC). 
Using this system we can alleviate the intrinsic interference 
problem in FBMC systems. This enables use of all the multicarrier 
techniques used in cyclic-prefix orthogonal frequency-division 
multiplexing (CP-OFDM) systems for channel equalization, 
multiple-input/multiple-output (MIMO) processing, etc., without 
using the extra processing required for conventional FBMC. DP-
FBMC also provides other interesting advantages over CP-OFDM 
and FBMC such as more robustness in multipath fading channels, 
and more robustness to receiver carrier frequency offset (CFO) 
and timing offset (TO). For DP-FBMC we propose three different 
structures based on different multiplexing techniques in time, 
frequency, and polarization. We will show that one of these 
structures has exactly the same system complexity and equipment 
as conventional FBMC. In our simulation results DP-FBMC has 
better bit error ratio (BER) performance in dispersive channels. 
Based on these results, DP-FBMC has potential as a promising 
candidate for future wireless communication systems. 
Keywords—DP-FBMC-OFDM-MIMO-CFO-XPD 
I.  INTRODUCTION 
OFDM with cyclic prefix (CP) is the most widespread 
multicarrier communication system due to its simplicity and 
robustness against frequency selective channels. But it loses 
spectral efficiency in highly-dispersive channels where a large 
portion of each OFDM symbol should be added as CP. Also, the 
OFDM power spectrum is not compact due to the sin(x)/x (sinc) 
frequency response of its rectangular pulses, therefore it requires 
windowing techniques and a large number of guard subcarriers 
to reduce the out-of-band (OOB) power emission. As an 
alternative, FBMC has been proposed to increase the spectral 
efficiency via a more compact power spectral density (PSD) [1], 
[2]. FBMC’s non-rectangular pulse shapes do not require a CP 
and therefore FBMC can achieve larger spectrum efficiency, and 
lower OOB power.  
In this paper we investigate the widespread FBMC technique 
based on Saltzberg’s method [3]. In recent years this system has 
seen much interest. This communication system is also known 
as staggered multitone (SMT) FBMC or OFDM-offset 
quadrature amplitude modulation (OQAM) [1]. This technique 
enables symbol-rate spacing between adjacent subcarriers 
without inter-symbol interference (ISI) and inter-carrier 
interference (ICI) in distortionless channels. This works by a 
shift of half the symbol period between in-phase and quadrature 
components of QAM symbols [3]. In FBMC, because of the real 
nature of the symbols, the orthogonality condition is only 
satisfied in the real domain, and in dispersive channels where the 
channel response is in general complex, FBMC suffers from 
imaginary intrinsic interference. In order to mitigate this 
interference we require an interference cancellation method. In 
the literature we find several methods for mitigating this 
interference, but almost all of these techniques add complexity 
[4]-[6]. 
Using polarization-division multiplexing (PDM) we can 
multiplex signals on electromagnetic waves of two orthogonal 
polarizations on the same carrier frequency without any 
interference, assuming perfect (infinite) cross-polarization 
discrimination (XPD). The XPD is the ratio of the signal 
amplitudes on the desired polarization to that on the opposite 
polarization. In [7] this technique has been reported in satellite 
television links to double the throughput. It has also been studied 
for fiber optic communication links using two orthogonal left- 
and right-hand circularly polarized light beams in the same light 
guide fiber at the same frequency [8]. Using PDM in terrestrial 
and vehicular wireless communication environments to double 
the capacity is nearly impossible when platforms are mobile, due 
to the non-stability of antenna position and often rich scattering 
in the wireless channels.  
In this paper we use the PDM technique and propose dual-
polarization FBMC (DP-FBMC) not to double the capacity but 
instead to solve the intrinsic imaginary interference problem of 
FBMC systems: by using two polarizations we add an extra 
dimension to suppress the intrinsic interference. We will show 
that DP-FBMC has the advantage of significantly suppressing 
this interference thanks to the polarization multiplexing and the 
use of proper prototype filters.  
This paper is organized as follows: in Section II we describe 
the conventional OFDM-OQAM system model. In Section III 
we describe the proposed DP-FBMC communication system, 
and in Section IV we provide simulation results for bit error ratio 
(BER) performance comparing CP-OFDM, FBMC, and DP-
FBMC in ITU pedestrian A and vehicular A channel models. 
We also compare the peak-to-average power ratio (PAPR) and 
PSD of these systems, and evaluate DP-FBMC performance 
versus carrier frequency and timing offsets, as well as BER 
performance in low XPD conditions. In Section V we provide 
conclusions and briefly describe future work. 
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II. CONVENTIONAL OFDM-OQAM 
In OFDM-OQAM, real valued OQAM symbols at subcarrier 
index n and symbol index m, 𝑎𝑛,𝑚 are filtered and modulated on 
different subcarriers, as described by the following equation, 
𝑠(𝑡) = ∑ ∑𝑎𝑛,𝑚ℎ (𝑡 −𝑚
𝑇0
2
) 𝑒
𝑗2𝜋𝑛𝑡
𝑇0 𝑒𝑗𝜃𝑛,𝑚
𝑚𝜖ℤ
.                                 (1)
𝑀−1
𝑛=0
 
where h(t) is the prototype filter with length KT, and K is termed 
the overlapping factor. The exponential part in this equation 
modulates the filtered OQAM symbols onto M subcarriers with 
1/T0 frequency spacing, along with an extra phase component 
𝜃𝑚,𝑛 = 𝑒
𝑗
𝜋
2
(𝑚+𝑛)
 to add the π/2 phase shifts to adjacent symbols 
in order to satisfy the real orthogonality condition [2]. Based on 
this structure, OFDM-OQAM symbols are offset or overlapped 
by T0/2 in time to yield maximum spectral efficiency. Relative 
to CP-OFDM, one main shortcoming of OFDM-OQAM is its 
complexity. In order to reduce this complexity we can use 
polyphase network (PPN) structures at both transmitter and 
receiver and use fast and inverse fast Fourier transforms [2] as 
shown in Figure 1. 
For details regarding PPN structures and IFFT/FFT based 
OFDM-OQAM implementations refer to [2], [10]. In the 
FBMC transmitter, after the IFFT block, subcarriers will be 
filtered through the PPN network. For each block of M input 
subcarriers, the parallel to serial (P/S) output sequence is a 
signal vector with the same length as the prototype filter. These 
signal sequences are then overlapped at T0/2 intervals. The 
reverse process is followed at the receiver. In order to illustrate 
the transmitting OQAM symbols in time and frequency we use 
the time-frequency phase-offset diagram. In Figure 2 we show 
this diagram for OFDM-OQAM. In this structure the solid 
circles and squares denote the π/2 phase shifts between adjacent 
symbols (adjacent in both time and frequency domains). In the 
following equations we analyze the intrinsic imaginary 
interference in FBMC. 
 
 
 
First we re-write (1) as follows, 
𝑠(𝑡) = ∑ ∑ 𝑎𝑛,𝑚𝑣𝑛,𝑚(𝑡)
∞
𝑚=−∞
𝑀−1
𝑛=0
                                                               (2) 
where, 
𝑣𝑛,𝑚(𝑡) = ℎ (𝑡 − 𝑚
𝑇0
2
) 𝑒
𝑗
2𝜋𝑛𝑡
𝑇0 𝑒𝑗𝜃𝑛,𝑚                                                    (3) 
In (3), 𝑣𝑛,𝑚(𝑡) represents the time shifted and frequency 
modulated versions of the prototype filter response h(t). Here 
the real orthogonality condition of OFDM-OQAM system can 
be expressed as, 
ℜ{〈𝑣𝑛,𝑚, 𝑣𝑝,𝑞〉} = ℜ{ ∫ 𝑣𝑛,𝑚(𝑡)𝑣𝑝,𝑞
∗ (𝑡)𝑑𝑡
(𝑘+1)𝑇0
𝑘𝑇0
} = 𝛿𝑛,𝑝𝛿𝑚,𝑞           (4) 
where 𝛿𝑛,𝑝 is the Kronecker delta function, equal to one if n=p 
and 0 if n≠p, and ℜ is the real part of the quantity inside the 
braces, and k is any integer. In dispersive multipath channels 
we can write the received symbols as follows, 
?̂?𝑛,𝑚 = 𝐻𝑛,𝑚(𝑎𝑛,𝑚 + 𝑗𝐼𝑛,𝑚) + 𝑍𝑛,𝑚                                                       (5) 
where 𝐻𝑛,𝑚 are the complex channel transfer function samples 
at subcarrier n and symbol m, 𝐼𝑛,𝑚 is the so called intrinsic 
interference, and 𝑍𝑛,𝑚 is the additive white Gaussian noise 
(AWGN) variable. As long as the 𝐻𝑛,𝑚 values are complex, the 
real valued transmitted symbols will suffer from the presence 
of the intrinsic interference 𝐼𝑛,𝑚 at the receiver. Therefore we 
need to find a way to remove the 𝐼𝑛,𝑚. In [4] the authors 
proposed an interesting technique to remove this interference 
based on “auxiliary pilots.” In this paper we also use this 
technique for channel equalization in the conventional FBMC 
system. To calculate 𝐼𝑛,𝑚 we first define the following 
prototype filter time-frequency localization function, 
𝑣𝑛,𝑚
𝑝,𝑞 = −𝑗〈𝑣𝑛,𝑚, 𝑣𝑝,𝑞〉 = −𝑗{ ∫ 𝑣𝑛,𝑚(𝑡)𝑣𝑝,𝑞
∗ (𝑡)𝑑𝑡
(𝑘+1)𝑇0
𝑘𝑇0
}                     (6) 
From (4) and (5) we note that (6) are purely real values for 
n≠p or m≠q. Now we can calculate the 𝐼𝑛,𝑚 knowing the 
adjacent real OQAM symbols from, 
𝐼𝑛,𝑚 = ∑ 𝑎𝑛+𝑝,𝑚+𝑞𝑣𝑛,𝑚
𝑝,𝑞
(𝑝,𝑞)∈𝐴∆𝑛,∆𝑚
                                                            (7) 
where, 
𝐴∆𝑛,∆𝑚 = {(𝑝, 𝑞), |𝑝| ≤ ∆𝑛, |𝑞| ≤ ∆𝑚\{0,0} | 𝐻𝑛+𝑝,𝑚+𝑞 ≅ 𝐻𝑛,𝑚}        
                                                                                                                    (8) 
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Figure 1. OQAM-OFDM communication system; (a) transmitter, (b) receiver. 
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Figure 2. FBMC symbols time-frequency phase-space lattice (M=16). 
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Now by defining a reference symbol 𝑎0,0, 𝐴∆𝑛,∆𝑚 is the set of 
nearby indices with frequency within ∆𝑛 subcarriers and time 
within ∆𝑚 symbols of the reference subcarrier and symbol 
indices (n=0, m=0). In practice, using well-localized prototype 
filters, ∆𝑛, ∆𝑚 can be selected as small as one [5]. This means 
that most of the intrinsic interference results from the adjacent 
symbols and interference from symbols outside the 𝐴∆𝑛,∆𝑚 
neighborhood is negligible. Of course in our analysis as we 
describe in detail in [13], equations (5)-(8) rely on the 
assumption of channels with low frequency selectivity, relying 
in a flat fading model for the subchannels. 
III. PROPOSED DP-FBMC SYSTEM 
In this section we describe the proposed DP-FBMC 
communication system from [13]. In this DP-FBMC proposal 
we define three different DP-FBMC multiplexing structures. In 
Figure 4 diagrams we show the time-frequency-polarization 
phase-lattice structure of all DP-FBMC structures. Structure I 
is Based on time-polarization division multiplexing (TPDM). 
In this method we isolate adjacent symbols on two orthogonal 
polarizations by time multiplexing of adjacent OQAM symbols. 
This approach removes the intrinsic interference that results 
from adjacent symbols (assuming perfect cross-polarization), 
but some of this interference still exists on adjacent subcarriers 
during each symbol period. 
 
 
 
In Structure II we use a frequency-division multiplexing 
technique (FPDM) as shown in Figure 3(b). In this approach we 
isolate the adjacent transmitted subcarriers on the two 
polarizations by frequency multiplexing of symbols. Figure 
3(c) shows the DP-FBMC Structure III based on time-
frequency-polarization division multiplexing (TFPDM). In this 
structure using both time and frequency multiplexing we 
separate half the subcarriers on both polarizations at every 
symbol period, and the order of subcarriers changes at 
subsequent symbol periods.  
To better understand the DP-FBMC idea, in Tables 1 to 3 
we provide numerical examples of the intrinsic interference 
𝑣𝑛,𝑚
𝑝,𝑞
 values surrounding every reference symbol for the filters 
based on isotropic orthogonal transform algorithm (IOTA) 
technique [15], PHYDYAS [9], and square-root raised cosine 
(SRRC) with overlapping factor K = 4, respectively. In these 
tables we colored the symbol locations based on DP-FBMC 
Structure III. Here the red samples represent the time-frequency 
filter response on the same polarization as the subject symbol, 
and the black symbols are on the other polarization with no 
interference to the subject symbol (again assuming perfect 
polarization isolation). As we notice from this table the 
interference caused from adjacent subcarriers is suppressed 
entirely but there are still symbols (red) on the same 
polarization that can cause interference. For the SRRC filter, 
via some numerical trials, we determined heuristically that a 
roll-off factor = 2/K is a good choice and we chose alpha 
factor one for IOTA. As can be seen, from Tables 1 to 3, the red 
intrinsic interference sample values decreased, and as will be 
shown, SRRC filters will yield better BER performance. To 
obtain even lower intrinsic interference values with the SRRC, 
we can increase the overlapping factor at the cost of slightly 
increasing complexity and frame length. In Figure 4 we plot the 
normalized impulse responses of these filters. 
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Figure 3. DP-FBMC structures, (a) Structure I based on TPDM, (b) Structure 
II based on FPDM, (c) Structure III based on TFPDM.  
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Table 1. IOTA 𝒗𝟎,𝟎
𝒑.𝒒
 values for p = [-2, 2], q = [-3, 3] and K =4. 
p\q -3 -2 -1 0 1 2 3 
-2 -0.0194j 0 0.0413j 0 -0.0413j 0 -0.0194j 
-1 0.0116j 0.0413j 0.2327j 0.4378j 0.2327j 0.0413j 0.0116j 
0  0.0194j 0 0.4380j 𝑸𝟎,𝟎𝟎,𝟎=1 -0.4380j 0 -0.0194j 
1  0.0116j -0.0413j 0.2327j -0.4378j 0.2327j -0.0413j 0.0116j 
2 0 0 0.0413j 0 -0.0413j 0 0 
 
 
 
 
Table 2. PHYDYAS 𝒗𝟎,𝟎
𝒑.𝒒
 values for p = [-2, 2], q = [-3, 3] and K = 4.  
p\q -3 -2 -1 0 1 2 3 
-2 -0.0644j 0 0 0 0 0 -0.0644j 
-1 0.0442j 0.1250j 0.2058j 0.2393j 0.2058j 0.1250j 0.0442j 
0 -0.0644j 0 0.5645j 𝒗𝟎,𝟎𝟎,𝟎=1 -0.5645j 0 -0.0644j 
1 0.0442j -0.1250j 0.2058j -0.2393j 0.2058j -0.1250j 0.0442j 
2 0 0 0 0 0 0 0 
 
 
 
Table 3. SRRC 𝒗𝟎,𝟎
𝒑.𝒒
 values for p = [-2, 2], q = [-3, 3] and K =4. 
p\q -3 -2 -1 0 1 2 3 
-2 -0.1122j 0 0 0 0 0 -0.1122j 
-1 0.095j 0.1263j 0.15j 0.1589j 0.15j 0.1260j 0.095j 
0  0.1122j 0 0.6015j 𝒗𝟎,𝟎𝟎,𝟎 -0.6015j 0 -0.1122j 
1  0.095j -0.1263j 0.15j -0.1589j 0.15j -0.1260j 0.095j 
2 0 0 0 0 0 0 0 
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In [13] we provide analysis of complexity for all DP-FBMC 
structures. As a quick complexity review first we note that for 
DP-FBMC Structures II and III we need a second IFFT and FFT 
at both transmitter and receiver, therefore they have higher 
complexity than conventional FBMC. For Structure I, as long 
as we can share the same IFFT/FFT at every symbol period and 
polarization we obtain the same complexity and equipment as 
conventional FBMC. In this paper we focus on Structure I in 
simulations and analysis; more results and analysis are provided 
in [13]. For DP-FBMC systems, as long as the channel 
equalization process is being done separately on both 
polarizations, the equalization complexity is higher than for 
conventional FBMC, and as will be shown, this is the cost for 
better performance. 
IV. SIMULATION RESULTS 
We compare the BER performance of CP-OFDM, 
conventional FBMC, and DP-FBMC via simulations. Note that 
in our simulation first we provide results assuming perfect 
XPD, and at the end results for some realistic XPD values.  
In our simulations following the approach in [13] we evaluate 
BER performance in two multipath fading channels. We 
compare PAPR, and the effects of carrier time and frequency 
offsets. We also show the PSD of DP-FBMC using different 
prototype filters and overlapping factors. These simulations 
were performed at baseband with no channel coding. We have 
M = 512 subcarriers with 16 symbols on each frame, and the 
signal bandwidth B = 10 MHz. hence the temporal symbol 
interval is T0 = 512/107 = 51.2 µs. As mentioned in [13], the 
mean RMS-DS values for pedestrian and vehicular A channels 
are 46 and 370 ns, respectively. For channel models we chose 
pedestrian and vehicular channels A from ITU-R 
recommendation M.1225 [10]. In these simulations we assume 
Ricean fading with Rice factor 10 dB for the pedestrian and 
Rayleigh fading for the vehicular. For CP-OFDM we chose 
M/16 of a symbol period for the CP for both pedestrian channel 
A, and vehicular channel A. For conventional FBMC we chose 
the PHYDYAS prototype filter with K = 4. We use 33 
subcarriers for guard band (17 on the left and 16 on the right of 
the signal spectrum), and also null the DC subcarrier. For 
channel estimation we use scattered-pilot symbols on 30 
equally spaced subcarriers with 4 symbols temporal spacing. 
For channel equalization, we used the least squares (LS) and 
discrete Fourier transform (DFT)-based channel estimation 
noise reduction and spline interpolation technique [12]. In 
FBMC we used the auxiliary pilot technique based on [4]. For 
all communication systems we assume perfect timing offset 
estimation and synchronization. 
In Figures 5(a) and 5(b) we plot BER vs. Eb/N0 for 16-QAM 
and QPSK modulations in the pedestrian A and vehicular A 
channels, respectively. As explained in [13], Structures I and 
III have similar BER results, therefore we only show the results 
using Structure I. According to these results DP-FBMC has 
better BER performance than CP-OFDM and conventional 
FBMC after channel equalization for highly dispersive channels 
(Vehicular channel). Here we also plot BER results with perfect 
channel knowledge and zero-forcing technique. 
This better DP-FBMC BER is due to larger temporal spacing 
of each of the polarization’s symbols. In DP-FBMC Structures 
I and III because of the time multiplexing, on both structures 
the symbol spacing increases compared to the symbol spacing 
in conventional FBMC. This yields lower ISI in multipath 
channels and hence lower BER. Also, as can be seen using the 
IOTA filter slightly worsens the BER. This is because using 
DP-FBMC Structure I, the interferences caused from adjacent 
symbols and adjacent subcarriers are equal if the IOTA pulse 
shaping filters are used. Here we note that IOTA filter has 
almost same result (results are not shown here) compared to 
other filters in DP-FBMC Structure III, because in Structure III 
the symbols are multiplexed both in time and frequency 
domains. We also note that as expected for higher overlapping 
factors, SRRC filter results better BER results. 
Figure 6(a) provides PAPR complementary cumulative 
distribution function results for these systems. For FBMC 
systems we assume frame structures without end tails caused 
from filter tails from the overlapping factor. In [14] we study 
the PAPR of DP-FBMC systems in detail. As can be seen, the 
DP-FBMC Structure I has PAPR very close to that of 
conventional FBMC and CP-OFDM for larger overlapping 
factors such as K = 8. Here we also note that DP-FBMC 
Structures II and III have exactly the same PAPR as CP-OFDM 
and conventional FBMC with different overlapping factors, 
because temporally all the symbols are present the entire frame 
period. 
PSDs appear in Figure 6(b). Note that in these results similar 
to PAPR, we truncate two ends of the frame waveforms due to 
filter tails in order to make the frame lengths as short as 
possible. We can observe that when DP-FBMC has the same K 
as conventional FBMC, the PSD is nearly identical. As 
expected, with SRRC as K increases, the OOB power decreases. 
 
  
Figure 4. IOTA, PHYDYAS, and SRRC prototype filters impulse responses 
with K = 4. 
  
  
(a)            (b) 
Figure 5. BER vs. Eb/N0, (a) 16-QAM, ITU-R pedestrian A channel, (b) 
QPSK, ITU-R vehicular A channel 
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Figures 7(a) and 7(b) plot simulated BER versus carrier 
frequency (CFO) and timing offset (𝑛𝜏) at the receiver, 
respectively, in an AWGN channel, with 16-QAM modulation, 
SNR = 12 dB and M = 512 subcarriers. The CFO values are 
normalized to the subcarrier bandwidth and nτ is the number of 
samples offset. Channel bandwidth B=10 MHz. These results 
confirm that DP-FBMC has better performance in the presence 
of time and frequency offsets (and again, larger overlapping 
factors slightly enhance the performance).  
In Figure 8 assuming orthogonal circular polarizations, we 
plot the 16-QAM BER performance vs. XPD from 1 to 20 dB 
in the pedestrian and vehicular channels with Eb/N0 = 16 dB. As 
can be seen, smaller XPD degrades performance. In this Figure 
we also plot the BER performance assuming perfect XPD 
knowledge at receiver (after cross polarization interference 
cancellation). Thus in order to enhance the performance in very 
low XPD conditions, methods to estimate and remove the cross-
polarization interference could be investigated. 
 
 
V. CONCLUSION 
In this paper we proposed a novel FBMC system based on a 
dual polarization multiplexing technique. Using different time, 
frequency, and polarization multiplexing schemes and SRRC 
filters we showed that we can significantly suppress the FBMC 
intrinsic imaginary interference. In good XPD situations DP-
FBMC shows significant advantages compared to conventional 
FBMC and CD-OFDM in multipath fading channels. DP-
FBMC suffers when XPD is very small, therefore in future 
work XPD estimation and cancellation techniques could be 
investigated using pilot symbols.  
REFERENCES 
[1] B. Farhang-Boroujeny, “OFDM Versus Filter Bank Multicarrier,” IEEE 
Signal Processing Magazine, vol. 28, no. 3, pp. 92-112, May 2011. 
[2] P. Siohan, C. Siclet and N. Lacaille, “Analysis and design of 
OFDM/OQAM systems based on filterbank theory,” IEEE Trans. Signal 
Processing, vol. 50, no. 5, pp. 1170-1183, May 2002. 
[3] B. Saltzberg, “Performance of an Efficient Parallel Data Transmission 
System,” IEEE Tran. Communication Technology, vol. 15, no. 6, pp. 805-
811, December 1967. 
[4] J. P. Javaudin, D. Lacroix and A. Rouxel, “Pilot-aided channel estimation 
for OFDM/OQAM,” IEEE Spring Vehicular Tech. Conf (VTC), pp. 1581-
1585, Jeju, South Korea, South Korea), 22-25 April 2003. 
[5] R. Nissel and M. Rupp, “Enabling Low-Complexity MIMO in FBMC-
OQAM,” IEEE Globecom Workshops (GC Wkshps), Washington, DC, 
pp. 1-6, 2016. 
[6] J. Wang, H. Zhao, Y. Zhang, F. Li and L. Zhao, “Intrinsic Interference 
Elimination for Preamble-Based Channel Estimation in FBMC Systems,” 
IEEE Globecom Workshops (GC Wkshps), Washington, DC, 2016, pp. 1-
5. 
[7] International Telecommunications Union (ITU), Report ITU-R M.2175, 
“Simultaneous dual linear polarization transmission technique using 
digital cross-polarization cancellation for MSS systems”, July 2010. 
[8] F. Horlin, J. Fickers, P. Emplit, A.Bourdoux, and J. Louveaux, “Dual-
polarization OFDM-OQAM for communications over optical fibers with 
coherent detection,” Optics Express 21, pp. 6409-6421, 2013. 
[9] M. Bellanger, et al. “FBMC physical layer: a primer.” PHYDYAS, no. 4, 
Jan 2010. [Online]. Available: http://www.ict-
phydyas.org/teamspace/internal-folder/FBMC-Primer_06-2010.pdf 
[10] International Telecommunications Union (ITU), Report ITU-R M.1225, 
“Guidelines for evaluation of radio transmission technologies for IMT-
2000,” 1997. 
[11] T. Jiang, M. Guizani, H. H. Chen, W. Xiang and Y. Wu, “Derivation of 
PAPR Distribution for OFDM Wireless Systems Based on Extreme Value 
Theory,” IEEE Tran. Wireless Comm., vol. 7, no. 4, pp. 1298-1305, April 
2008. 
[12] Y. S. Cho, J. Kim, W. Y. Yang, and C. G. Kang, MIMO-OFDM Wireless 
Communications with MATLAB. Singapore: John Wiley & Sons (Asia) 
Pte Ltd, 2010. 
[13] H. Jamal, D. W. Matolak, “Dual-Polarization FBMC for Improved 
Performance in Wireless Communication Systems”, submitted to IEEE 
Trans. on Vehicular Technology, May 2018. 
[14] H. Jamal, D. W. Matolak, “PAPR Analysis for Dual-Polarization FBMC”, 
submitted to IEEE MILCOM Conference, May 2018. 
[15]  B. Le Floch, M. Alard, and C. Berrou, “Coded orthogonal frequency 
division multiplex,” Proceedings of the IEEE, vol. 83, no. 6, pp. 982–996, 
June 1995.
 
  
Figure 6. (a) CCDF vs. PAPR0, (b) PSD vs. normalized bandwidth 
  
 
(a)            (b) 
Figure 7. (a) BER vs. CFO, (b) BER vs. TO, AWGN channel, Eb/N0=12 dB, 
16-QAM, M=512. 
 
Figure 8. . BER vs. XPD, DP-FBMC Structure I, SRRC Filter with K=4, 16-
QAM, ITU-R pedestrian and vehicular A channels, Eb/N0 =16 dB. 
  
